Seedlings of maritime pine (Pinus pinaster Ait.) were inoculated with different dikaryons of Pisolithus sp. from South Africa to determine the influence of extension of the extramatrical phase and diameter of the mycelial strands on water relations parameters including xylem water potential (Y',), soil water potential at the soil-root interface (Y,) and hydraulic conductance (&,) during and after a period of water stress. Seedlings inoculated with dikaryons having an extensive extramatrical phase and large diameter mycelial strands showed higher 'I", (-2 MPa) during severe water stress than seedlings inoculated with dikaryons producing fine hyphae and sparse extramatrical phases . Seedlings inoculated with strand-forming dikaryons recovered faster from water stress than did non-inoculated seedlings or seedlings inoculated with non-strand-forming dikaryons. Architectural aspects of the extramatrical phase, including the presence of large diameter mycelial strands or fine hyphae, influenced the soil-root contact and the water relations of an inoculated host plant. When water stress was not limiting, the architecture of the extramatrical phase did not have a large effect on Y',. It is suggested that the architecture of the extramatrical phase influences the resistance to water flow through the soil-root interface and that large mycelial strands increase the water flow by bridging the gap between the soil and the root. These changes in physiology indicate that dikaryons can improve the survival of Pinuspinaster under dry conditions.
Introduction
Ectomycorrhizal colonization of roots improves water transport and nutrient uptake of host plants (R&d 1979 , Brownlee et al. 1983 , Bowen 1984 , Read 1984 , Ashford et al. 1989 ). In the extramatrical phase, in general, large and extensive mycelial strands appear to provide a preferred pathway for the transport of physiologically significant quantities of water over considerable distances (Brownlee et al. 1983 , Read 1984 ). Several authors have suggested using the ability to produce such strands as one of the criteria for selecting ectomycorrhizal fungi (Bowen 1973 , Trappe 1977 , Harley and Smith 1983 .
Previous studies have demonstrated that seedlings of Pinus pinaster (Ait.) inoculated with different dikaryotic cultures of Pisofithus sp. (Pers.) Coker & Couch differed in their growth and physiological response to drought (Lamhamedi et al. 1990 . These studies, together with those of Dixon et al. (1983) , Parke et al. (1983) , and Reid et al. (1983) on different ectomycorrhizal fungi, focused primarily on the physiological response of the shoot. Closer examinations of soil-root and root-shoot interactions are needed to understand better how genetically different dikaryotic cultures of Pisolithus sp. interact with the host plant.
Colonization of rootlets with ectomycorrhizal fungi creates two interfaces: the soil-fungus interface and the fungus-root interface. Ultrastructural studies of the fungus-root interface showed that monokaryotic and dikaryotic cultures of Laccaria bicolor differed in their ability to colonize host cells (Wong et al. 1989, Wong and . At the soil-fungus interface, Lamhamedi and Fortin (1991) reported that dikaryotic cultures of Pisolithus sp. showed considerable variation in the formation of mycelial strands and in the extension of the extramatrical phase on sandy soil. Such morphological differences should influence the water status of the host plant under conditions of limited soil water availability.
The objective of this study was to investigate the influence of the architecture of the extramatrical phase of Pisofithus sp. on the xylem water potential, hydraulic conductance and soil water potential at the soil-root interface of Pinus pinaster seedlings during water stress and a subsequent recovery period. The morphological features examined were rate of extramatrical'phase extension and the diameter of mycelial strands. These characteristics were chosen because they should influence water flow to the host plant, they should correlate with seedling tolerance to water stress, and they can be easily measured. The water relation parameters measured on the seedling were stomata1 conductance, transpiration and xylem water potential under watered and drought conditions. Two other indirect parameters were used to quantify seedling behavior in the soil-plant-atmosphere continuum, namely plant hydraulic conductance (Nelsen and Safir 1982, Nelsen 1987) , which has been implicated in studies assessing the functional significance of mycorrhizal fungi in water transport (Sands et al. 1982 , Nelsen 1987 , and soil water potential at the soil-root interface, which we hoped would reflect the extensiveness of the root/extramatrical phase complex, and the intimacy of the soil-root contact.
Materials and methods

Cultures
Monokaryotic cultures were obtained by germinating spores from a single basidiomycete of a Pisolithus sp. from South Africa . A total of 78 dikaryotic cultures were obtained from the 28 original monokaryotic cultures. The dikaryons were tested for their ability to form mycorrhizae, their effects on growth of Pinus pinaster seedlings (Lamhamedi et al. 1990, Lamhamedi 199 l) , their ability to form mycelial strands, and their rapid extension of the extramatrical phase (Lamhamedi and Fortin 1991) . Ten dikaryotic cultures were selected for this experiment. The characteristics of these dikaryons are described in Table 1 from Lamhamedi and Fortin (199 1) and Lamhamedi et al. (1991) .
Inoculation and growth conditions
Seedlings of Pinuspinaster were grown in fumigated sandy soil (83.8% sand, 15.8% loam, 0.4% clay, CEC 1.73 meq/lOOg, available P 19 ppm, pH 5.5, C/N 3.5) in plastic trays (80 x 15 x 5 cm). Each tray contained ten seedlings. Each set of ten trays of seedlings was inoculated with mycelial inoculum (solid and liquid) of one of the 10 different Pisolithus sp. dikaryons. One set of 10 trays of seedlings was not inoculated and served as the control. Details on seedling inoculation are given in Lamhamedi et al. (1990 Lamhamedi et al. ( , 1991 . The seedlings were grown in a greenhouse with a maximum h-radiance of 150 pw cm-' at 400-700 nm and a natural day length of about 8 hours. Day/night temperatures were 22/l 8 "C and relative humidity was 35-58%. Fertilizers were applied weekly by direct injection of a nutrient solution into the irrigation system applied at a dilution of 1.25/127 (nutrient solution/water). For each injection, the nutrient solution contained 73 g 1-l of (30/10/10, N,P,K) and 20 g I-' of K$SOd.
After seven months of growth, while all seedlings were still actively growing, a water-stress treatment was applied to half of the seedlings by withholding water for 19 days (Days 0 to 19), followed by daily irrigation to field capacity (Days 20 to 26). ' Ectomycorrhizal colonization was determined by visually ranking the percentage of total short roots under water stress colonized into five groups (1: O-10; 2: > lo-25%; 3: > 25-50%; 4: > 50-75%; and 5: > 75-100%) in accordance with the method of Kropp and Fortin (1988) . * Diameter of mycelial strands (n = 5) on MMN agar in absence of host plant after 5 weeks of growth (Lamhamedi and Fortin, 1991) . Treatments followed by different letters did not belong to the same group according to the Scott-Knott cluster analysis method (Gates and Bilbro 1978) . 3 Rates of mycelial spread (n = 5) of dikaryons determined axenically with their host plant on soil using a large petri dish (150 x 15 mm). 4 Means with the same letter for each dikaryon are not significantly different at the 0.05 probability level, according to Wailer-Duncan Bayesian ratio T test. ' Dikaryon did not produce mycelial strand.
The other half of the seedlings were watered until drainage was observed.
Measurement of seedling water relations
Seedlings were sampled during both the water stress and water recovery periods on Days 1, 4, 8, 15, 19, 21, 22, 23, 24 and 26. At sunrise on each of these days, stomata1 conductance, transpiration and xylem water potential were measured on five seedlings selected randomly from each fungal strain, tray and watering regime. Needle stomata1 conductance was measured with a Li-Cor 1600 (Li-Cor, Lincoln, NB, USA) steady-state porometer equipped with a conifer foliage cuvette. Xylem water potential was measured with a pressure chamber (PMS Instrument, Corvallis, OR, USA) following methods of Joly (1985) .
Leaf area of each seedling was estimated by volume displacement as described by Burdett (1979) using the relationship Y = 15.94x, (r2 = 0.96), where Y is seedling leaf area and x is the volume of water displaced. Details on the derivation of the equation are given in Lamhamedi et al. (1991) . Mycorrhiza root colonization was determined according to the method described by Kropp and Fortin (1988) .
Soil water content in each tray was determined gravimetrically for each sampling day. These values were converted to soil water potential from a soil water release curve (Figure 1 ). On Day 19, when water stress became severe, soil water potential of the sandy soil reached -0.5 MPa. Details of all measurements have been described in Lamhamedi et al. (1991) .
Measurement of extramatrical phase extension
The development of the extramatrical phase of dikaryotic cultures of Pisolithus sp. was determined in the presence of Pinus pinaster on sterilized sandy soil. Each seedling was inoculated with an 8-mm diameter plug from the margin of an actively growing dikaryotic culture. Five replicates were used for each dikaryon. The surface area occupied by the extramatrical phase of each culture was determined using a Leitz Tas Plus image analysis system (Ernst Leitz Ltd., Midland, Ontario) as described in Lamhamedi and Fortin (199 1) .
Soil water potential at the soil-root interface Soil water potential, 'Ps, at the soil-root interface was computed using a model described by Jones (1983) . Soil water potential at the soil-root interface of a water-stressed plant was computed from measurements of stoma&l conductance and xylem pressure potential of the stressed plant, and of a similar but well-watered plant, subjected to the same atmospheric conditions.
Hydraulic conductance
The hydraulic conductance of whole Pinus pinaster seedlings was calculated from an Ohm's law analogy as discussed by Koide et al. (1989) and Ni and Pallardy (1990) .
where Y, = xylem water potential, 'I", = soil water potential (MPa), R, = plant hydraulic resistance (pg cmm2 s-l MPa-') and E = transpiration rate (l.tg cmm2 s-l) measured with a Li-Cor 1600 (Li-Cor, Lincoln, NB, USA). Because hydraulic conductance (Lp) is the inverse of R,, rearranging Equation 1 gives:
No attempt was made to estimate the aerodynamic resistance and its influence on transpiration values as demonstrated by Smith (1980) . Nevertheless, we feel that comparison between dikaryons remained valid in our study.
Experimental design and data analysis
The experiment was analyzed as a split-block design with the two watering regimes (stressed and non-stressed) as the main plots, and the 11 inocula (10 dikaryotic strains and one uninoculated control) as the subplots. There were 10 sampling dates and live trays for each watering regime for a total of 1100 seedlings. Minimum significant difference (MSD) between means was determined with the Waller-Duncan test as .shown in Montgomery (1984) . The analyses were performed using the SAS software (SAS Institute, Cary, NC, USA, 1988). Significance is reported at the P > 0.05 level. By the end of the recovery period on Day 26, seedlings inoculated with dikaryons 2 x 36,27 x 34,9 x 22 or 11 x 15 had high hydraulic conductances, whereas seedlings inoculated with 8 x 28, 3 x 28, 34 x 25, 17 x 20 or 37 x 34 had medium hydraulic conductances. Seedlings inoculated with 34 x 20 and the controls showed the lowest hydraulic conductances. The differences among the three groups were statistically significant on Day 26 (MSD = 1.94 pg cm-* s-l MPa-').
Soil water potential at the soil-root interface ('YJ As soil water was depleted, Y', declined gradually for both control and inoculated seedlings (Figure 4a ). On Day 19, when the soil was at it driest, the computed values of seedling Y, ranged from -2 MPa to -3.8 MPa. During the recovery period, all seedlings returned to approximately their original Y', values with the exception of the control and the 34 x 20-inoculated seedlings. Seedlings inoculated with dikaryons having mycelial strands (Table 1) 
Discussion
Architectural aspects of the extramatrical phase including extension and diameter of mycelial strands or fine hyphae influenced the soil-root contact and water relations of an inoculated host plant during water stress and subsequent recovery. The extension of the extramatrical phase and the mycelial strand diameter modified the degree of water stress tolerance conferred to the host plant (Figures 2-4) . Our results suggest that the architecture of the extramatrical phase influences resistance to water flow through the soil-root interface and that large mycelial strands increase water flow by bridging the gap between the soil and the root. Seedlings inoculated with dikaryons having large and extensive mycelial strands such as 8 x 28 and 2 x 36 had high Y, and Y'S, whereas seedlings inoculated with dikaryons that did not form strands or extensive extramatrical phases, such as 34 x 20, had low YX and 'I",. The results are less clear for L,; only the extreme case of dikaryon 34 x 20, which had no strands and a very dense but limited extension, produced a markedly different response among the inoculated seedlings. The architecture of the extramatrical phase played an important role in the physiological responses of seedlings during water stress and subsequent recovery. The large differences in Ys among seedlings inoculated with different dikaryons that were observed under severe water stress (Day 19) suggest marked differences in root interfacial properties. However, when water stress was not limiting (Day 15, Figure 4b) , the architecture of the extramatrical phase did not have a large effect on Y',. Dikaryons with large and extensive mycelial strands can take up water that is not available to the root alone. It was shown that cutting off the mycelial strands connecting Pinus sylvestris seedlings to moist medium led to rapid decreases in leaf water potential, transpiration and photosynthesis (Brownlee et al. 1983 ). The extramatrical phase acts to bind soil to roots and improves the structure of the soil (Bethlenfalvay et al. 1985) , thereby reducing the gaps created by soil shrinkage and protecting rootlets against soil contraction during severe water stress. These studies and our observations suggest that ectomycorrhizal fungi producing mycelial strands reduce resistance at the soil-root interface and can maintain physiological processes during and after water stress. In contrast to fine hyphae. mycelial strands are more tolerant to heat and water stress (Thompson 1984) and can continue to transport water and nutrient under water stress conditions. Differences in L, and Y', among treatments inoculated with different dikaryons (Figures 3 and 4) during water stress and the recovery period suggest that dikaryons producing extensive mycelial strands extract and transport water with less resistance than those without strands (Duddridge et al. 1980 , Read 1984 . Mycelial strands changed the architecture of the soil-root interface. They also increased the absorptive ability of the root system both by exploiting a greater soil volume and through the surface area of the mycelial strands. In contrast to the fine hyphae of dikaryon 34 x 20, ultrastructural analysis of mycelial strands of the other dikaryons revealed the presence of central hyphae of relatively large diameter (Lamhamedi and Fortin 1991) . It appears that structural differences in mycelial strands can have different effects on water transport and therefore on seedling physiology (Table 1, (Figures 4a-c) . All inoculated seedlings recovered more rapidly after rewatering than the controls with the exception of seedlings inoculated with dikaryon 34 x 20, suggesting that the presence of mycelial strands improves the root architecture and water relations of the host plant. Ectomycorrhizal fungi stimulated root development (Stein et al. 1990 ) and the branching density of the very fine root system in natural and experimental drought conditions (Feil et al. 1988) . However, considerable variation in seedling size depending on the dikaryotic culture could also affect '-Ps and L,.
The lower correlations observed (Figures 3a, 4b and 4c ) with respect to the influence of diameter and extramatrical phase on Y',, \y, and L, suggest that several more physiological factors can be invoked to explain the effects of the dikaryons on the water relations of the host plants. These include root surface area, absorption kinetics (Tinker 1976 , Kramer 1983 ), resistance to flow at the soil-root interface (Tinker 1976 , Herkelrath et al. 1977 , Faiz and Weatherley 1982 , Boyer 1985 , Passioura 1988 , decline of and losses in root viability (Faiz and Weatherley 1982, Kramer 1983 ), production of ectomycorrhizal exudates and phytohormones (Slankis 1974 , Harley and Smith 1983 , Laheurte et al. 1990 , Wullschleger and Reid 1990 , the number of hyphal entry points per unit of root length , Wong et al. 1989 , Wong and Fortin 1990 , and the photosynthate demand of ectomycorrhizal fungi (Dosskey et al. 1991) . Other factors such as the effects of ectomycorrhizal fungi on xylem anatomy (Mason et al. 1977 ) and hydraulic conductance of root systems (Sat% et al. 1970 , Walton 1980 , Boyer 1985 could have contributed to the observed variation in the whole Lp to water flow. A possible explanation for the low L, of the controls and seedlings inoculated with 34 x 20 during the recovery period could be the breakage of xylem columns and the emptying of tracheids (Zimmermann 1983 , Tyree and Sperry 1989 , Sperry and Tyree 1990 .
Our results showed that dikaryotic cultures of Pisolithus sp. influenced YX, L, and Y', of seedlings of Pinus pinuster. Most differences in Y, and L, were attributable to the effects of the extramatrical phase (mycelial strand formation and extension) of the different dikaryotic cultures on the architecture of the soil-root interface. The large differences among dikaryons in mycelial strand formation and extension (Lamhamedi and Fortin 1991) , as well as intraspecific variation in root colonization ability (Wong et al. 1989 , Lamhamedi et al. 1990 ) and phytohormone production (Gay and Debaud 1987) can explain the observed variations in the physiological responses of Pinus pinaster seedlings inoculated with different dikaryons to water stress and subsequent recovery. These physiological changes indicate that dikaryotic cultures of Pisolithus sp. having large and extensive mycelial strands improve the survival of Pinus pinaster in dry conditions. This study and previous results (Lamhamedi et al. 1991, Lamhamedi and Fortin 199 1) emphasize the usefulness of strains having large mycelial strands and well developed extramatrical phases in inoculation programs.
